The transmission spectrum of three-level atoms in a vapor cell inside an optical cavity shows distinct peaks associated with atom-cavity polaritons in the system. We develop the theory of these resonances in a Doppler-broadened medium and present the results of experimental observations of these spectra in threelevel -type rubidium atoms inside an optical ring cavity.
Coherent interaction of radiation and matter in optically dense media, under strong coupling conditions, is a subject of active interest in a number of disciplines, including solid-state [1] , atomic, and laser physics [2] and quantum-information processing [3] [4] [5] . A well-known strong-coupling effect in cavity quantum electrodynamics is the so-called ''vacuum Rabi splitting,'' in which the cavity transmission spectrum develops two maxima associated with joint normal modes of the field-matter system, or ''cavity polaritons'' [6 -10] . If the atomic medium has a three-level structure, and is driven by an external field on another transition, sharing the same upper level, a third polariton branch appears, dubbed the ''dark-state polariton'' (since it does not involve the upper atomic level) [11] , which is closely related to the phenomenon of electromagnetically induced transparency (EIT) [12] ; this has been proposed for the relatively long-lived storage of quantum information, and recently demonstrated (in free space) in a number of experiments [13] .
In this Letter, we report the experimental observation of the signature of all three polariton modes in the transmission spectrum of a cavity containing a gas cell of Doppler-broadened three-level atoms, dressed by a strong external field. This is remarkable because the transmission peaks associated with the ''bright polaritons'' appear at a probe-field detuning much smaller than the Doppler width for our experiment (! D 538 MHz, FWHM). We note that most previous experiments on vacuum Rabi splitting have been carried out with atomic beams or cold atoms ( [2] being an exception), in order to avoid the Doppler broadening; this is true, in particular, of a very recent report of the three-peak structure in an otherwise similar cavity experiment [14] (at a much lower atomic density). We believe that the observations in this Letter open up the possibility of observing interesting radiation-matter interaction effects in optically dense media without the experimental complications associated with atomic cooling. We note, for instance, that ensembles of atoms in cavities have been proposed also as collective quantum memories, with the cavity providing an enhancement of the optical depth and, in some cases, better scaling of the error with the number of atoms; see [15] . Our results may also be of interest to the solid-state optics community, where the strong-coupling regime in nanostructures, and the related line-broadening mechanisms, are currently under active investigation.
Cavity polaritons are most easily described for a homogeneously broadened medium in the small-gain limit, as follows. We assume a three-level scheme as in Fig. 1 (inset). Let a be the amplitude of the cavity field, which is coupled to the jbi ! jai transition, the Rabi frequency of the external ''coupling'' field (in the EIT terminology), which drives the jci ! jai transition, and ba N ÿ1=2 P N i1 bc are the expectation values of the operators jbihaj and jbihcj, respectively, for the ith atom, and N is the number of atoms in the cavity mode. In the weak-cavity field limit, and with all the atoms initially in the jbi ground state, these amplitudes obey the following system of linear equations, easily derived using the master equation formalism. (Note that, in terms of the atomic density operator , ij ji . Also note that no input field is needed to derive the atom-cavity field normal modes.) Here g is the atom-cavity coupling strength, ! 0 the empty cavity resonant frequency, and ! 0 the frequency of the coupling field. The decay rates are for the cavity field and ab and bc for the atomic coherences. Going to an interaction picture defined byã e i! 0 t a, ba e i! 0 t ba , and bc e i! 0 ÿ! 0 t bc , the explicit time dependence in (1) disappears and one is left with equations of motion for a system of three damped coupled harmonic oscillators, namely, the cavity field and the two atomic coherences. The resonant frequencies of the normal modes of this system can be obtained by assuming that all the variables have the same time dependence e ÿit ; substituting this in the equations of motion, one finds the characteristic equation
where we have assumed perfect resonance between the cavity and the ab transition (! ab ! 0 ) and resonance also for the coupling field (! ac ! 0 ), and introduced the susceptibility hom of the homogeneously broadened medium. l is the length of the atomic cell and L the length of the cavity.
The equation (2) can be solved perturbatively for the normal mode frequencies : start by neglecting the small decay rates, which yields to lowest order the real part of the eigenvalues, 0;
, then iterate to obtain the imaginary part (i.e., the mode widths) in lowest order. The central frequency mode at ! 0 , which does not actually involve the atomic upper level jai, is the ''dark-state polariton''; the two side modes, in the limit ! 0, give the ''vacuum Rabi splitting.'' If the cavity is driven by an external probe beam at frequency !, that is, detuned by an amount ! ÿ ! 0 from the cavity resonance, the cavity transmission in the small-gain/absorption per pass limit is easily seen to be proportional to j ÿ i ÿ i! 0 l=2Lj ÿ2 ; that is, the poles of the transmission correspond to the polariton characteristic frequencies i . If these are close enough to the real axis, then the observed transmission spectrum, as is varied along the real axis, will reflect faithfully the polariton spectrum. The imaginary parts of the i represent the decay rates of the polariton modes, so the condition is that these decay rates be small. If this is the case, then the poles are well separated and can be expanded as P 3 i1 C i =j ÿ i j 2 , which shows that the transmission peaks are precisely located at Re i and their widths are also precisely given by Im i . Note that in this limit [small Im i ] the transmission spectrum is almost entirely determined by the dispersion of the medium, that is, by the real part of .
Before we discuss how the above treatment needs to be modified for a Doppler-broadened medium, we will describe our experiment. The atomic medium is a collection of three-level rubidium atoms (D1 line of 87 Rb; see [16] ) contained in a vapor cell in an optical ring cavity, as shown in Fig. 1 . Two commercial high-power cw diode lasers are used as the cavity input (probe) and coupling laser beams, with linewidths of about 1 MHz. The two beams have orthogonal, linear polarizations. The input mirror M1 and output mirror M2 of the ring cavity have 3% and 1.4% transmittance, respectively, and M3 is a high reflector mounted on a piezoelectric transducer for cavity frequency scanning. The cavity length is 37 cm. The rubidium vapor cell is 5 cm long, with Brewster windows, and is wrapped in -metal sheets. The cavity field interacts with the probe transition ! ab , and the coupling beam is injected into the cavity through the polarization beam splitter and copropagates through the vapor cell with the cavity field (not circulating inside the cavity); this is the two-photon Doppler-free configuration for -type EIT [12] . The beam waist radii are 100 and 600 m for the probe and coupling beams, respectively; we estimate the atomic transit time through the probe beam as 10 ÿ6 s at 67:7 C. We use a third diode laser to lock the cavity frequency and, in the experiments reported here, we keep it tuned to the atomic resonance, ! 0 ! ab . The cavity finesse is about 48 with atomic cell and polarization beam splitter inside cavity (with atoms tuned far from resonance), which corresponds to a linewidth 2 2 17 MHz. For all the data reported here, the probe intensity outside the cavity was fixed at 0.87 mW; the coupling intensity is variable and in the few tens of mW range. Figure 2 shows a cavity transmission spectrum with the probe detuning scanning over a large range, while the coupling detuning is set to zero. A three-peak structure is clearly seen, with a very narrow central peak and two broad side peaks. Although the narrow central peak can be explained by the simple model presented above as due to EIT [17] or the dark-state polariton, the broad side peaks cannot, since at these probe detuning frequencies the twophoton Doppler-free condition is not satisfied. The linewidth of the central peak (about 1.0 MHz in Fig. 2 ) is much narrower than the empty cavity linewidth (17 MHz) and the decay rate of the corresponding atomic transition (2 ab 2 6 MHz); it is due to the sharp dispersion at the EIT 
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173602-2 resonance [17, 18] , and can be considered as increased effective photon lifetime inside the cavity due to the slowed light speed [17] . This linewidth is currently limited by the linewidths of the diode lasers used for the cavity input and coupling beams. The treatment of atom-cavity resonances for a Dopplerbroadened medium goes as follows. Consider a group of N v atoms moving at a speed v. Their resonant frequencies are shifted to ! 0 ab ! ab 1 ÿ v=c and ! 0 ac ! ac 1 ÿ v=c. In our experiment, jbi and jci are hyperfine levels of the rubidium ground state separated by 6.8 GHz, and v=c is at most of the order of 10 ÿ6 , so the change in ! bc is of the order of kHZ and hence negligible. One then gets the modified equations of motion
where v ! 0 ÿ ! 0 ab . The frequencies of the collective normal modes can be found as before by assuming a common time dependence e ÿit , substituting in (3), and eliminating the atomic variables. After converting the sum of velocities to an integral, using N v Ne v 2 =u 2 dv=u p , where u= 2 p is the rms atomic velocity, one obtains a characteristic equation of the same form as (2),
with the inhomogeneously broadened susceptibility [see Eq. (8) of [12] ]
and s sgnRez [this modification of Eq. (8) of [12] is necessary for complex ]. Note that the continuum approximation [replacing the sum over atoms by an integral over velocities in (4) ] may actually cause many of the zeros of the ''true'' characteristic equation to vanish, but the minima of the right-hand side of (4) should still reflect the underlying density of normal modes. One zero that always survives (as long as Þ 0) is at 0 ÿi bc , which corresponds to the central transmission peak; as discussed in [12] An important way in which inh differs from hom is in that the ratio of loss to dispersion (i.e., imaginary to real part) is typically much larger, which for low probe powers makes the cavity transmission all but unobservable outside of the central peak. In our experiment, we overcome this difficulty by turning up the power of the probe laser until the side peaks become visible. For a given detuning , this means that we basically ''bleach'' the group of atoms with velocities near v ÿc=! ab (resonant in their own rest frame), which have the greatest contribution to the medium absorption, whereas we affect little the vast majority of the far-detuned atoms that give the main contribution to the dispersion in the strong Doppler limit. This is illustrated in Fig. 3 , which is the result of a full calculation, to all orders in both fields, of the nonlinear (steady-state) susceptibility. One can see there that for an intracavity intensity of the order of 20 times the saturation intensity of the jai ! jbi transition (8g 2 n= 2 a 20, where n is the intracavity number of photons), Im is greatly reduced, whereas Re is affected very little, especially for the relatively large values of where the side peaks are found. What this means is that, for sufficiently large (but, obviously, not too large) probe laser power, the transmission spectrum is determined essentially by the real part of the linear, inhomogeneously broadened susceptibility of the atomic medium, inh [Eq. (5)]. The transmission peaks, therefore, reflect the underlying density of polariton normal modes.
Figures 4 and 5 show the measured change in position of the side peaks with the coupling field Rabi frequency, and with the atomic density. Although a simple theoretical model based on only three atomic levels and neglecting all the field's spatial variation cannot be expected to produce detailed numerical agreement with the experiment, the theoretical curves in these figures show that the basic features of the experiment are indeed captured by such a model. The dashed line in Fig. 4 , for instance, shows the best fit provided by a linear theory based only on the real part of Eq. (5), from which we estimate g N p ' 190 MHz; the solid line shows a somewhat better fit from a calculation using the full steady-state nonlinear inh . For both the theory and the experimental data in this curve the input probe intensity is held fixed, so the intracavity intensity I cav varies from point to point as the overall transmission of the cavity changes; for most of the points in Fig. 4 the theoretical model yields an I cav of the order of twice the saturation intensity. If the probe power is increased in the experiment, we find that the side peaks tend to ''move in,'' but there is a range of input intensities where their position is relatively insensitive to the intensity, which is where we expect the linear model to be approximately valid.
From our estimate of g N p we infer an atomic density in the gas cell of the order of 4:2 10 16 atoms=m 3 , which is about an order of magnitude smaller than the density predicted by [16] for rubidium at 67:7 C, which suggests that only a small fraction of the atoms effectively contributes to the side peaks. This discrepancy could also be due to a number of real-world complications not accounted for by our present model: the spatial variation of the beams, possible misalignments and mode mismatch, changes to the cavity mode due to the dispersion and residual absorption of the medium, and coupling between different cavity modes arising from the nonlinearity. Figure 5 shows the measured change in position of the side peaks with the gas cell temperature, that is, with the atomic density. The corresponding theoretical curve was derived from the nonlinear inh (using the same input intensity as for Fig. 4) , under the assumption that the effective atom number is simply proportional to the calculated ''real'' density for the given temperature. Under this assumption the maximum value of g N p represented in the figure would be ' 330 MHz.
In conclusion, we have shown that it is possible to observe the spectral features associated with bright cavity polaritons in an optically dense medium of hot atoms, even though the features appear well within the system's Doppler linewidth. A simple linear (in the probe field) calculation of the inhomogeneously broadened susceptibility can account qualitatively for many of the features observed, and better agreement can be obtained from a full nonlinear (in both fields) steady-state, one-dimensional calculation of . Details of our theoretical models, and further experimental results, will be presented elsewhere.
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